a significant role in the etiology of cancer in man. In this editorial, information will be presented concerning many compounds that have the capacity to inhibit the neoplastic effects of chemieal careinogens when administered either prior to exposure to the carcinogen or at the same time, Overall, this inhibition entails prevention of the active form of the carcinogen from reaching or reacting with the target site. Inhibition involving reversal of early phases of the carcinogenic process will not be induded. This type of inhibition has been achieved with retinoids and has been reviewed by Sporn et al. (1) . Prevention of neoplasia by blocking of the formation of carcinogens, as has been accomplished for nitroso compounds, likewise will not be dealt with (2) . Most of the inhibitors to be discussed are synthetic compounds; some are constituents of natural products, induding vegetables consumed by man (3) (4) (5) . The inhibitors identified thus far show a great diversity of chemical structures, making it likely that we have only a limited knowledge ofthe total spectrum of compounds having this property. This diversity increases the probability that inhibitors have or could be made to have an impact on the response of humans to chemical carcinogens.
The following are some potential mechanisms of inhibition of chemical carcinogenesis:
1) Alteration of metabolism of the carcinogen: a) Decreased activation b) Increased detoxification c) Combination of (a) and (b) 2) Scavenging of active molecular species of carcinogens to prevent their reaching critical target sites in the cell 3) Competitive inhibition. However, much of the information that has actually been obtained on inhibitors has come from empirical studies. Some inhibitors were originally identified as a result of work based on postulated mechanisms of inhibition. Even in these instances, as will become evident, there is frequently doubt about how correct the postulated mechanism really is. Thus the amount of phenomenologic data is considerable, but solid information on mechanisms of inhibition is scarce. As a result, the organization of the following presentation is somewhat arbitrary and is formed around groups of inhibitors having certain common features. After discussion of 8 such groups, some general considerations VOL. 60, NO. 1, JANUARY 1978 11 of problems and potentials of compounds that inhibit chemical carcinogenesis will be studied.
INHIBITORS OF CHEMICAL CARCINOGENESIS Phenolic Antioxidants and Ethoxyquin
The use of antioxidants as possible inhibitors of the chemical carcinogens has been based in general on the concept that the antioxidants may exert a scavenging effect on the reactive species of carcinogens, thus protecting cell constituents from attack. In early studies, wheat germ oil and o-tocopherol were employed. Experiments showing positive and negative results have been published. Confirmatory reports on the positive experiments have not appeared, so that the implications of this work are not dear. These investigations as weIl as our own experience with o-tocopherol, which has not shown it to be inhibitory, have been summarized (6). However, under some appropriate conditions, an inhibitory effect possibly does occur.
During the past several years, studies have been performed with other antioxidants. The most extensive work of this type has been done with phenolic compounds, in particular, BHA and BHT. Inhibition occurs under a variety of experimental conditions and with a broad range of chemical carcinogens as shown in table 1. Several nonphenolic antioxidants inhibit chemical carcinogenesis. One of these is ethoxyquin, a widely used antioxidant commonly added to commercial animal feed.
Some studies of mechanism of inhibition by BHA and BHT of chemical carcinogenesis have bcen per- Editor's note: Periodically, the Journal publishes solicited guest edirorials as a means of transmitting to investigators in cancer research the esseneo of current work in a special field of study. The Board of Editors welcomes suggestions for Future editorials that succincrly summarize currcnt work toward a clearly dcfincd hypothesis rcgarding the causes or cure of cancer.
.J NATL CANCER INST sented in text-figure 4, it is titillating to speculate that the 60% ceiling rate on disease-free survival is a function of the fact that 40% of patients have 10 6 or more tumor course, only three courses of treatment are required for cytoeradication, and approximately 4,000 daughter cells would have been produced during treatment, a (9) BHA (7) BHA (7) BHA (10) , ethoxyquin (10) BHA (10) , ethoxyquin (10) BHA (7) BHA (7) BHT(ll) BHT(ll) BHT (12) BHT ( (14) . Investigations have been undertaken to determine if the BP metabolites that are formed when this carcinogen is incubated with liver microsomes prepared from BHA-fed mice differ from those formed in the controls. Of major interest were the effects of BHA feeding on BP-epoxide formation. Formation of BP-4,5-oxide, which can be measured directly by high-pressure liquid chromatography, was reduced with microsomes from BHA-fed mice. BP-9,10-oxide and BP-7,S-oxide cannot be measured directly because of instability. However, data based on summation of diols and phenols resulting, respectively, from the enzymatic and spontaneous conversions of these oxides indicate that they are present in reduced amounts in the microsomal incubations from BHA-fed mice. The major metabolite in microsomal incubations from BHA-fed and control mice was 3-HOBP. This metabolite constituted a significantly higher percentage of the total metabolites formed when BP was incubated with microsomes from BHA-fed mice, as compared to the percentage in control mice. Thus BHA administration causes two metabolie alterations that could result in an inhibitory effect on BP-induced carcinogenesis: 1) a decrease in epoxidation, which is an activation process, and 2) an increase in 3-HOBP, a metabolite of detoxification (15 r An early investigation aimed at determining the mechanism of inhibition of carcinogenesis of FAA and N-OH-FAA by BHT was done by Grantharn et al. (16) who found that administration of BHT in the diet increased excretion of each carcinogen in the urine. This higher level of excretion was accounted for chiefly by glucuronic acid conjugates. Animals receiving BHT showed lower levels of radioactivity in blood, liver, and liver DNA 4S hours after injection with labeled carcinogen. Thus BHT appears to increase detoxification of FAA and N-OH-FAA by enhancing conjugation and thereby reducing the pool of metabolites available for activation reactions.
At the present time BHA probably is the most versatile and least toxic inhibitor of chemical carcinogenesis that has been identified. Although BHT also inhibits a variety of carcinogens, unfortunately it has some no xious properties, including tumor promotion (17) . An important difference between the two compounds is the nature of the substitution para to the hydroxyl group (text- fig. 1 ). In BHT this position has a methyl group that oxidizes to toxic metabolites. In BHA, a methoxy group is present in the para position. If metabolism occurs, it is a hydrolysis. The resultant phenolic group can be conjugated, which facilitates the excretion of the compound.
BHA is of interest because of its extensive use as an additive in food for human consumption. 
Disulfiram and Related Compounds
Experimental studies of the capacity of disulfiram (Antabuse; tetraethylthiuram disulfide) and some related compounds to inhibit chemical carcinogenesis have been done with the same experimental models employed for the phenolic antioxidants (table 2) . These sulfur-containing compounds are potent inhibitors of BP-induced neoplasia of the forestomach. Work aimed at elucidation of the mechanism of disulfiram inhibition has shown that administration of disulfiram in the diet reduces binding of [3H]BP and [
I 4C]BP to DNA, RNA, and protein of the forestomach (18) . Disulfiram and related compounds are interesting in their effects on carcinogen-induced neoplasia of the large intestine (3, 19, 20) . When added to the diet, disulfiram, diethyldithiocarbamate, and bisethylxanthogen profoundly inhibit large bowel neoplasia resulting from sc administration of DMH. Work has been done with azoxymethane, an oxidative metabolite of DMH, wh ich also produces neoplasia of the large intestine. U nder experimental conditions comparable to those used with DMH, disulfiram has also been found to inhibit azoxymethaneinduced neoplasia of the large intestine but to a considerably lesser extent than with DMH as the carcinogen (19) .
Studies bearing on the mechanism of inhibition of neoplasia ofthe large bowel by DMH and azoxymethane have shown that disulfiram inhibits the oxidation of both of these carcinogens in vivo (27) (28) (29) . Work concerning the question of whether the inhibitory function resides in the intact molecule of disulfiram or a metabolite of this compound has been done (28, 29) . These investigations have demonstrated that CS 2 , a metabolite of disulfiram, inhibits the oxidation of DMH and azoxymethane. The data obtained suggest that CS 2 may be the chemical species responsible for the inhibitory action of disulfiram and related compounds. Others have reported that incubation of microsomes with CS 2 in the presence of NADPH results in covalent binding of the sulfur to the microsomes, with an accompanying decrease in cytochrome P 450 as measured spectroscopically 
Carbon d isulfide
diet with BP, a carcinogen widely encountered in the environment. At a concentration of 5 mg BHA/g diet, the carcinogenic effect of 1 mg BP/g diet on the forestornach of the mouse is inhibited. In the United States, the human consumption of BHA is of the order of several milligrams a day. If one assurnes that the results of animal experiments hold for man, this amount of the antioxidant could be important in the inhibition of the effects of chronic exposure to low doses of carcinogens, the type of exposure that is most likely to occur in human populations. (3, 19, 20) , diethyldithiocarbamate (3), bisethylxanthogen (19) , carbon disulfide" Disulfiram (19) 1-Naphthylisothiocyanate (24) 1-Naphthylisothiocyanate (24) 1-Naphthylisothiocyanate (25) 2-Naphthylisothiocyanate (26) The carcinogen-inhibiting effects induced by disulfiram and diethyldithiocarbamate have drawn attention to the possibility that a number of widely used pesticides having dithiocarbamate or thiocarbamate groups might have similar properties; several have been tested. Two of these, i.e., S-propyl dipropylthiocarbamate (Vernolate) and 2-chloroallyl diethyldithiocarbamate, when added to the diet, inhibited BP-induced neoplasia of the forestomach of the mouse. An additional pesticide, bisethylxanthogen (Bexide) also exerted an inhibitory effect in this test system. Thus far, bisethylxanthogen is the only one of these pesticides studied for its effects on DMH-induced neoplasia of the large bowel. Its inhibitory potency is similar to that of disulfiram (19) .
Bisethylxanthogen has a feature that makes it of particular interest: The molecule does not contain nitrogen (text- fig. 1 ). Structurally similar dithiocarbamate pesticides have been shown to form nitrosamines, representing a hazard not occurring with bisethylxanthogen. A second relationship between disulfiram and nitrosamines has been reported recently (32): Disulfiram influences the organotrophy of DENA and DMN. In the case of DENA, disulfiram added to the diet inhibits liver tumor formation but enhances neoplasia of the esophagus. With DMN, neoplasia of the liver is again suppressed, but tumors of the paranasal sinuses are increased.
Organic Isothiocyanates and Organic Thiocyanates
With studies of the inhibitory capacities of sulfurcontaining antioxidants, experiments with benzyl isothiocyanate , phenethyl isothiocyanate, and benzyl thiocyanate have been performed (22). These three compounds are naturally occurring constituents of edible cruciferous plants (33, 34) . Phenyl isothiocyanate, a fourth compound included in some experimental work, is synthetic. The inhibitory effects of these compounds are presented in table 2. I-Naphthylisothiocyanate and 2-naphthylisothiocyanate have both been shown to suppress the neoplastic effects of azo dyes on the liver. Of interest are studies showing that I-napthylisothiocyanate alters cytochrome P 450 in a manner comparable to that of thiono-sulfur-containing compounds (30) .
Lactones
Coumarins are constituents of a wide variety of plants, including vegetables, used for human consumption (35) . The administration of coumarin by oral intubation inhibits DMBA-induced mammary tumor formation (9) . Additional studies have been done with BP-J NATL CANCER INST induced neoplasia of the forestomach as the test system. When added to the diet, coumarin, 6-nitrocoumarin, and a-angelicalactone inhibited forestomach tumor formation (Wattenberg LW: Unpublished observations).
Selenium Salts
Inhibition of chemical carcinogenesis by selenium salts has been reported. In an initial paper, the experimental system employed consisted of initiation of epidermal neoplasia with DMBA followed by promotion with croton oil; sodium selenide added to the croton oil suppressed the development of skin tumors (36) . In subsequent work, MCA was repeatedly applied to the skin. Again, addition of sodium selenide inhibited epidermal neoplasia. In a further experiment, mice were placed on a selenium-deficient diet (Torula yeast) without supplements or with added sodium selenide or sodium selenite. BP was applied to the skin daily to produce epidermal neoplasia. A slight inhibition was found with both of the selenium salts (37).
Recently, the addition of sodium selenite to the drin king water has been shown to inhibit large bowel neoplasia in the rat, which results from administration of DMH or methylazoxymethanol acetate (38, 39) . In additional works, selenium was found to reduce mutagenicity of FAA, N-OH-FAA, and N-hydroxy-N-2-fluorenylamine for the Salmonella typhimurium T-1538 histidine mutant (39) . Evidence has been presented showing an inverse relationship between a) the amount of sclenium in soil and forage crops and b) human cancer death rates in the United States and Canada in 1965. Likewise, an inverse relationship between human blood levels of selenium and human cancer death rates in several cities has been reported (40) .
Inducers of Microsomal Mixed-Function Oxidase Activity
Several studies have demonstrated that protection against chemical carcinogens by the administration of inducers of increased microsomal mixed-function oxidase activity is possible (table 3). The inducers employed have varied from compounds such as polycyclic hydrocarbons, which are noxious agents, to ehernieals such as flavones, which have little toxicity (41, 42) . In early studies (43, 44) , administration of polycyclic hydrocarbon inducers inhibited the occurrence of hepatic cancer resulting from feeding 3' -methyl-4-dimethylaminoazobenzene. Likewise, polycyclic hydrocarbon inducers can markedly reduce the incidence of tumors of the liver, mammary gland, ear duct, and small intestine in rats fed FAA or 7-fluoro-N-2-fluorenylacetamide (44).
More recently, studies have been done in which protection against the carcinogenic effects of a number of other carcinogens has been observed (table 3). Considerable work has been done with two polycyclic hydrocarbon carcinogens, DMBA and BP. With the use of the pulmonary adenoma test system in the mouse, flavone inducers have been shown to inhibit lung tumor formation resulting from oral administration of DM BA or BP (41, 42 ). An experimental model that has been VaL. 60 (47) Phenobarbital (48) (49) (50) , chlordane (50) ß-Naphthoflavone (42), quercetin pentamethylether (42) ß-Naphthoflavone (42) ß-Naphthoflavone (41) ß-Naphthoflavone (41) , phenothiazines (51), polycyclic hydrocarbons (52, 53) Phenobarbital (54) Phenothiazine ( widely used in studies of the effects of inducers of increased mixed-function oxidase activity has been mammary tumor formation in rats given DMBA. Several different types of inducers administered prior to DMBA will inhibit tumor formation. These indude: polycydic hydrocarbons (52, 53) , phenothiazines (51), and flavones (41) .
The experiments listed in table 3 show a protective effect from administration of inducers of increased mixed-function oxidase activity; however, an apparently conflicting set of data should also be discussed. For many chemical carcinogens, the microsomal mixedfunction oxidase system has been demonstrated to convert these compounds to a proximate carcinogenic form (56) . An initial thought might be that if a compound is activated by an enzyme system to a noxious form, then enhancement of the activity of this system would result in greater damage to the organism. This phenomenon is true in situations involving a reversible effect in which a substantial threshold exists. Rapid activation could be important in achieving such a threshold. However, for chemical carcinogenesis, different conditions exist. In this instance, there appears to be either no threshold or a very low threshold (57) . Thus one might anticipate that slow activation would result in an equal or even a greater carcinogenic effect than does rapid activation. With slow activation, wastage of activated species of carcinogen from cells would be less likely to occur from production of an excess amount over that most effective for the number of critical binding sites available at a particular time. In addition, active carcinogenic species would be present over a longer period and, therefore, would be more likely to exist at a critical time or times in the cell cyde.
Another factor that may be important in the explanation of carcinogen inhibition by induction of increased mixed-function oxidase activity is that in many instances this system subjects chemical carcinogens to detoxification reactions as weIl as to activation. The classic example of this double effect is found with the aromatic amines. With these compounds, ring hydroxylation results in detoxification, whereas hydroxylation of the nitrogen is an activation reaction (58) . Thus administration of inducers of mixed-function oxidase VOL. 60, NO. 1, JANUARY 1978 activity in these instances may cause a relatively greater proportion of the carcinogen to be detoxified rather than activated to a carcinogenic metabolite. Changes in proportion of detoxified metabolites to carcinogenic metabolites could simply be the result of relative responses of the two pathways to the inducer. An alternative possibility suggested by the studies with BHA is that a more basic alteration in metabolism may occur, resulting in a changed metabolite pattern. In this instance, the change in metabolite pattern could be independent of the magnitude of induction and, as in the case of BHA, might occur without any overall increase in mixed-function oxidase activity. Further work is required to ascertain the mechanism of action of the compounds discussed in this section which have already been shown to have the combined properties of increasing mixed-function oxidase activity and inhibiting chemical carcinogenesis.
Phenobarbital induces increased mixed-function oxidase activity, an increase in endoplasmic reticulum, and liver enlargement. When administered prior to the carcinogen, it suppresses neoplasia (table 3) . However, if it is given subsequent to the carcinogen, the neoplastic response may be enhanced (59) . This cocarcinogenic effect represents a hazard that requires evaluation with respect to other inducers.
Inhibitors 01 Microsomal Mixed-Function Oxidase Activity
If the activity of the microsomal mixed-function oxidase system were totally absent, carcinogens requiring activation by this system would not produce a neoplastic effect. Efforts have been made to inhibit chemical carcinogenesis by this mechanism. Studies of suppression of polycydic hydrocarbon-induced neoplasia have been done with 7,8-benzoflavone (a-naphthoflavone), a potent inhibitor of microsomal mixed-function oxidase activity. In experiments in which DMBA was the carcinogen, epidermal neoplasia has been inhibited (60) . A problem with exploitation of inhibition of mixed-function oxidase activity as a me ans of suppressing chemical carcinogenesis is that it would render the organism more susceptible to the noxious effects of xenobiotic J NATL CANCER INST compounds detoxified by this system.
Physiologie Trapping Agents
Active forms of chemical carcinogens bind to a wide variety of physiologic compounds. Their carcinogenic potential resides in such reactivity occurring at selective sites. However, if the carcinogenic agent is trapped by other ceII nucleophiles, protection might occur. N umerous biochemical compounds contain nucleophilic groups. These have been discussed by Miller and Miller (61) . A question arises as to whether the amount of one or more of such nucleophiles might be increased so as to protect against chemical carcinogens. A compound of particular interest in this regard is glutathione, which is an exceIIent trapping agent. However, the level of glutathione has been difficult to increase by experimental procedures. In contrast, a number of extrinsic factors, particularly administration of toxic compounds, can deplete glutathione. The levels and control mechanisms of protective cell nucleophiles could be of great importance in the response to chemical carcinogens. Work aimed at a fuIIer understanding and exploitation oEthis potential defense certainly is warranted.
DISCUSSION
With the knowledge that inhibitors of chemical carcinogenesis exist, two questions arise. The first rclates to the current role that these compounds have in reducing the impact of environmental carcinogens on man. The second is the optimal role that they might have. To assess their current role, additional information is required as to the fuII spectrum of compounds in the environment that have the capacity to inhibit carcinogens. A perusal of text- figure 1 and tables 1-3 shows that compounds with a broad range of chemical structures can inhibit chemical carcinogenesis. The diversity indicates that this capacity to inhibit does not reside in restricted chemical characteristics and suggests that other inhibitors that have not yet been identified almost certainly exist. The quest to identify these inhibitors is important in order to correctly account for their impact. Also of critical importance is a fuII elucidation of mechanisms of inhibition. Such an understanding could provide information that could assist in the identification of compounds in the environment that are inhibitors. In addition, mechanisms of inhibition that entail measurable biochemical parameters could provide a basis for assessment of the susceptibility of particular population groups or individuals to neoplasia from chemical carcinogens.
An important aspect of the evaluation of the role of inhibitors is a consideration of toxicity. Inhibitors currently identified have, to a greater or lesser extent, other biologic activities. A number have toxic properties. SOlPe are even carcinogens or cocarcinogens. However, noxious properties clearly can be dissected away for the basic mechanisms of inhibition. Thus among phenolic inhibitors, BHA is considerably less toxic than BHT and is a more effective inhibitor. In early studies J NATL CANCER INST in which protection was obtained by induction of increased microsomal mixed-function oxidase activity, the potent carcinogen MCA was used. Flavones and phenothiazines cited in table 3 inhibit by inducing increased mixed-function oxidase activity, but they are not carcinogens. As more is learned about the basic requirements for inhibition , compounds with increasing inhibitory potency and fewer side effects probably can be found. This point should be stressed, since the currently available inhibitors are a first-generation group. Many have been discovered by chance, or if a particular mechanism was being explored .xornpounds that were readily available were used. More complete information should enable the design of inhibitors in which unnecessary biologic activities are pealed away, providing less toxic and more effective compounds.
Considerations of the optimal role that inhibitors of carcinogenesis might play entail evaluations of their deliberate use. At present, such a meaure would clearly be premature, because we simply do not have an adequate base of information. However, at a future time when more data are available on mechanisms of inhibition, diversity of inhibitors, and their toxicity, this course of action might be entertained. Accordingly, there would be sornc value in considering possible criteria that would have to be met prior to deliberate usage of inhibitors of chemical carcinogenesis. I believe that the foIIowing criteria are prerequisite to seriously considering deliberate exposure of human populations to a particular inhibitor of chemical carcinogenesis:
Populations with "normal" risk of exposure to chemical carcinogens:
1) The inhibitor has no toxicity or trivial toxicityand/or 2) Human population groups have been exposed inadvertently to the inhibitor (a "natural" experiment in man), and it has been shown to be effective in reducing the incidence of carcinogen-induced neoplasia in appropriate epidemiologic studies. In addition, no evidence of the toxic properties are associated with the inhibitor. Populations with high risk of exposure to chemical carcinogens: 1) Use of an inhibitor for which there is evidence that the benefits outweigh risks. For any normal group of individuals, a critical restraint is the possibility of toxicity. An inhibitor would have to be taken by individuals for many years to be effective, so that even a low toxicity could outweigh any benefits. However, selected situations occur in which this formidable obstacle might be overcome. One specific instance entails carcinogens within the gastrointestinal tract. In this instance, an inhibitor that would not be absorbed could be designed. Under such conditions, a compound with little or no toxicity might be available. The importance of these types of considerations is made real by recent findings of mutagenic substances in the feces (62) . If these substances are in fact carcinogens, as well VOL. 60, NO. 1, JANUARY 1978 as mutagens, efforts at finding effective inhibitors active within the large bowel might be warranted. In other sites, specific situations amenable to selective approaches might exist as weIl.
A second basis for introduction of an inhibitor into the environment would be the acquisition of favorable data from epidemiologie investigations. Such data would include firm evidence that a population group with a significant in take of a particular inhibitor has a diminished incidence of one or more neoplasms. Mechanistic data relating the intake of the inhibitor to carcinogen inhibition, i.e., tissues from the particular population group showing an increased capacity to detoxify carcinogens, would be important. In addition, lack of toxicity from the inhibitor should be clearly evident. Under these conditions, consideration of the use of the material bringing about the inhibition would be warranted. This set of circumstances, in essence, forms a natural or unplanned type of experiment. Depending on the magnitude of the inhibition and reliability of estimates of lack of adverse side effects, convincing data could be provided for deliberate use of the substance.
Population groups with elevated exposures to chemical carcinogens do exist. For individuals of this type, less rigid requirements for lack of toxicity of inhibitors might be justified. With regard to this possibility, an exceedingly important prohibition is that inhibitors should not be used as mechanisms for allowing increased exposures to carcinogens or for increasing tolerance levels to cancer-producing substances.
